1. Introduction {#s0005}
===============

Phase change material (PCM) can absorb and/or releasing a significant amount of latent heat due to a phase transition when the phase transition temperature is within a specified temperature range. PCM has achieved wide application in the field of energy storage and thermal insulation, such as building energy ([@b0165], [@b0090], [@b0075]), air-conditioning ([@b0035]), solar thermal storage ([@b0005], [@b0130], [@b0160], [@b0105]), temperature regulating textiles ([@b0100], [@b0115]) and electronic thermal control ([@b0145], [@b0040]). Different phase change materials have different phase change temperatures and phase transition enthalpies. Paraffin is perhaps the most common phase change material because of a characteristic of high storage density, minimal tendency to supercool，low vapor pressure of the liquid phase, chemical stability, non-toxicity, and relatively low cost ([@b0155], [@b0070], [@b0095]).

Various technologies, including microencapsulation ([@b0150], [@b0015], [@b0110], [@b0120]), adsorption ([@b0165]), adsorption ([@b0165]) and intercalation ([@b0020], [@b0085]) are used to synthesize composite PCMs. Composite PCMs synthesized by different techniques have distinct characteristics in thermal, mechanical, and physical properties. Currently, composite PCMs with high thermal performance and durability have become the subject of study ([@b0080], [@b0060], [@b0170], [@b0010]).

Montmorillonite (MMT) is a natural layered material and the main ingredient is silicate. The chemical formula of MMT is A1~2~O~3~·4SiO~2~·3H~2~O, and MMT is 2:1 type layered silicate -- i.e., each unit cell of MMT contains two layers of silicon oxygen tetrahedra and one layer of aluminum (magnesium) oxygen octahedra. The tetrahedra and octahedra are connected through the shared oxygen atoms. The thickness of each layer is 1 nm and the closely packed arrangement forms a highly ordered crystal structure. MMT exhibits poor compatibility with organic molecules because the surface of MMT and the interspace between the layers are hydrophilic. Thus, MMT requires organic modification to form composites with organic components.

The ultrasonic dispersion method has higher intercalating efficiency than other traditional intercalating composite methods, such as the solvent evaporation method and the mechanical intercalated method. It is easy-controlled and environment friendly. The energy consumption can be reduced remarkably ([@b0125]).

In order to improve the shape-stability and thermal properties of PCM, we synthesized OMMT/paraffin/grafted MWNT composite PCM by ultrasonic dispersion and liquid intercalation. Cetyl trimethyl ammonium bromide was used in organic modification of montmorillonite. The novelty in the paper is the preparation method of the composite PCM and the formation of the intercalation micro-structure with MMT and MWNT, which lead to the improvement of the thermal properties of PCM.

XRD and SEM were used to characterize the composition and structure of composite PCM. DSC and thermal constant analyzer were used to characterize the thermal properties of the composite PCM.

2. Materials and experimental method {#s0010}
====================================

2.1. Materials {#s0015}
--------------

Na-montmorillonite (Na-MMT, Zhejiang Fenghong New Material Co.) with purity \>88% and CEC: 85 meq/100 g was selected for the experiments. The organic montmorillonite (OMMT) was home-made with Cetyl trimethyl ammonium bromide ([@b0045]). Paraffin with a phase transition temperature of 26 °C (Shijiazhuang Caldecott Phase Change Materials Co., Ltd) and cetyl trimethyl ammonium bromide (CATB, Chengdu Kelong Chemical Reagent Factory, AR) were acquired from commercial sources. Multi-walled carbon nanotubes (MWNT, Shenzhen) were acquired and grafted carbon nanotubes (grafted MWNT) were prepared. A schematic diagram of the grafted MWNT is showed in [Fig. 1](#f0005){ref-type="fig"}.Fig. 1The schematic diagram of the grafted MWNT.

2.2. Synthesis of OMMT/paraffin composite PCM {#s0020}
---------------------------------------------

Composite PCMs with OMMT/paraffin and OMMT/paraffin/grafted MWNT were prepared by the procedures described below.

### 2.2.1. Synthesis of OMMT/paraffin composite PCM {#s0025}

(1)10 g OMMT was added to ethanol in a three-necked flask, and the solution was stirred at 1500 rpm and 40 °C until uniform to obtain a suspension of OMMT.(2)6 g PCM were dissolved in ethanol, and the solution was added to the suspension of OMMT. The mixture was stirred for 10 min.(3)The mixture was stirred at 75 °C. Ethanol was recycled by condensation in vacuum until completely evaporated.(4)The product was dried in vacuum at 60 °C for 24 h. The product was ground to obtain the OMMT/paraffin composite PCM.

### 2.2.2. Synthesis of OMMT/paraffin/grafted MWNT composite PCM {#s0030}

(1)10 g OMMT was added to ethanol in a three-necked flask. The solution was stirred at 1500 rpm and 60 °C until uniform to produce a suspension of OMMT.(2)6 g PCM and 0.16 g grafted MWNT were dissolved in ethanol. The solution was added to the suspension of OMMT and stirred for 10 min. The mixture was placed in an ultrasonic water bath at 60 °C for 30 min. After that, the mixture was placed in a water bath at 75 °C and stirred. Ethanol was recycled by condensation in vacuum until evaporated.(3)The product was dried in vacuum at 60 °C for 24 h, then ground to obtain the OMMT/paraffin/grafted MWNT composite PCM.

2.3. Characterization and testing {#s0035}
---------------------------------

The surface morphology of PCM composites was examined by SEM imaging at 20 kV (Sirion 200, FEI Company, Netherlands). Structural analysis was performed by X-ray diffraction (XRD, Smart Lab 3, RIGAKU, Japan) using a Cu target. Interlayer spacings of the clays were measured before and after intercalation and modification. The enthalpy of the composite phase change was measured by calorimetry (DSC, DSC 200 F3 Maia, NETZSCH, Germany). The enthalpy of composite PCM was characterized by DSC (200 F3 Maia, NETZSCH Co., Germany). The scanning temperature range is from −20 °C to 60 °C. The scanning rate was 5 degree per minute. Finally, thermal conductivity, thermal diffusivity and heat capacity of composite samples were measured using a Hot Disk Thermal Constant Analyser (TPS2500, Hot Disk AB Company, Sweden). The methodology of measurement adopted with the hot disk is the Transient Plane Source Method. The specimen was a cylinder with height of 20 mm and diameter of 30 mm. Two same specimens were piled tightly and a probe with a radius of 3.189 mm was inserted between them. The schematic diagram of the thermal conductivity test is shown in [Fig. 2](#f0010){ref-type="fig"}. The heat storage and release properties of composite PCMs were examined by multi-channel temperature recorder (TOPRIE-TP700, Bost, Shenzhen).Fig. 2The schematic diagram of the thermal conductivity test.

3. Results and discussion {#s0040}
=========================

3.1. XRD analysis {#s0045}
-----------------

The X-ray diffraction patterns of Na-MMT, OMMT, OMMT/paraffin and OMMT/paraffin/grafted MWNT PCMs are shown in [Fig. 3](#f0015){ref-type="fig"}. The characteristic peak of the (0 0 1) crystal plane of Na-MMT appears at 2*θ* = 5.86°. The layer spacing is calculated according to the Bragg equation (Eq. [(1)](#e0005){ref-type="disp-formula"})$$2d\sin\theta = n\lambda$$where *d* is the layer spacing, *θ* is the glancing angle, *λ* is the X-ray wavelengths, and *n* is the diffraction series. When *λ* is 0.15418 nm and *n* is 1, *d* = 1.508 nm.Fig. 3XRD analysis of MMT: (a) Na-MMT; (b) OMMT; (c) OMMT/PCM; (d) OMMT/PCM/grafted.

After organic modification with CTAB, the characteristic peak of the (0 0 1) crystal plane of MMT shifted to 2*θ* = 4.20° corresponding to *d* = 2.104 nm. No new diffraction peaks appeared ([Fig.3](#f0015){ref-type="fig"}(b)), indicating that inserting CTAB molecules into MMT layers increased the layer spacing of montmorillonite. The organic modification alters the polarity of interface and the microenvironment of the interlayers. Consequently, the polarity of the interlayers is reduced and the lipophilicity of the interlayers is increased, providing a favorable condition for organic PCM molecules to insert into the MMT interlayers. [Fig.3](#f0015){ref-type="fig"}(c) shows that the (0 0 1) peak shifts to 2*θ* = 3.06°, corresponding to *d* = 2.88 nm for OMMT/paraffin, when PCM inserts into the interlayers of OMMNT.

[Fig. 3](#f0015){ref-type="fig"} also shows that the interlayer spacing of OMMT/paraffin/grafted MWNT composite PCM is 2.91 nm, which is slightly greater than that of OMMT/paraffin, indicating that the grafted MWNT does not insert into the interlayer completely.

3.2. SEM analysis {#s0050}
-----------------

[Fig. 4](#f0020){ref-type="fig"} shows micrographs of MMT, OMMT, OMMT/paraffin and OMMT/paraffin/grafted MWNT. As shown in [Fig. 4](#f0020){ref-type="fig"}, the layers of montmorillonite pack tightly and it is difficult for organic PCM to insert into the interlayers ([Fig. 4](#f0020){ref-type="fig"}(a) and (b)). After organic modification with CATB, the layers of MMT increase separation, facilitating intercalation of PCM ([Fig. 4](#f0020){ref-type="fig"}(c) and (d)).Fig. 4SEM analysis of: (a and b) MMT; (c and d) OMMT; (e and f) OMMT/paraffin; (g and h) OMMT/paraffin/grafted MWNT.

[Fig. 4](#f0020){ref-type="fig"}(e) and (f) shows thick layers of MMT, a result of the insertion of paraffin into the OMMT layers. In addition, some paraffin was absorbed at the edges of the laminate of MMT due to the action of capillary forces.

[Fig. 4](#f0020){ref-type="fig"}(g) and (h) shows that carbon nanotubes disperse uniformly in OMMT/paraffin/grafted MWNT, a result of carbon chains introduced to the surface of MWNT after MWNT is grafted. Consequently, the surface structure of the grafted MWNT resembles the chain structure of paraffin, imparting compatibility with paraffin in accord with the similar dissolve mutually theory.

3.3. DSC analysis {#s0055}
-----------------

[Fig. 5](#f0025){ref-type="fig"} shows DSC curves of paraffin, OMMT/paraffin and OMMT/paraffin/grafted MWNT, and [Table 1](#t0005){ref-type="table"} presents the corresponding thermal properties. [Fig. 5](#f0025){ref-type="fig"}(a) shows that the phase change temperature of paraffin occurs at 21.7 °C and the temperature of the endothermic peak is 30.3 °C. The phase change temperature and endothermic peak temperature of OMMT/paraffin is 23.1°Cand 31.3 °C, respectively. The values are 1--2 °C higher than those of paraffin, ostensibly because the layers of OMMT restrain the movement of the paraffin molecules inserted into the OMMT layers.Fig. 5DSC analysis of: (a) PCM; (b) OMMT/PCM; (c) OMMT/PCM/MWNT; (d) OMMT/PCM/MWNT after 100 times of cycles.Table 1Thermal property of PCMs.SamplePhase change temperature (°C)Endothermic peak temperature (°C)The theoretical latent heat (J/g)The measured latent heat (J/g)The relative errors (%)Paraffin21.730.3139.5OMMT/paraffin23.131.352.351.80.96OMMT/paraffin/grafted MWNT21.52847.5647.70.29

The latent heat of PCM is calculated by Eq. [(2)](#e0010){ref-type="disp-formula"} ([@b0045]):$$\Delta H_{\mathit{CPCM}} = \Delta H_{\mathit{PCM}} \cdot \eta$$where Δ*H~CPCM~* is the latent heat of the composite PCM, Δ*H~PCM~* is the latent heat of paraffin, and*η*is the mass fraction of paraffin in the composite PCM.

[Table 1](#t0005){ref-type="table"} shows that the latent heat of the OMMT/paraffin/grafted MWNT is 47.7 J/g. The value is higher than many other composite PCMs, which is shown in [Table 2](#t0010){ref-type="table"}. The difference between the theoretical latent heat and the measured value for OMMT/paraffin is 0.96%, while the difference between the theoretical and measured values for OMMT/paraffin/grafted MWNT is 0.29%. The results demonstrate that the binding force for OMMT/paraffin/grafted MWNT to paraffin is greater than that of OMMT/paraffin.Table 2Latent heat and thermal conductivity of the composite PCMs.Composite PCMLatent heat (J/g)Thermal conductivity (W/m K)CA--LA/gypsum ([@b0145])35.2--CA--PA/gypsum ([@b0150])42.5--Capric--myristic acid (20 wt%)/VMT ([@b0155])270.065Capric--myristic acid/VMT/2 wt% EG ([@b0155])26.90.22Emerest2326/gypsum ([@b0160])35--BS/MMT composite PCM ([@b0165])41.81--DA--GGBS composite-Endo ([@b0170])22.51--DA--GGBS composite-Exo ([@b0170])21.62--

[Fig. 5](#f0025){ref-type="fig"}(c) shows that the phase change temperature and endothermic peak temperature of the OMMT/paraffin/grafted MWNT PCM are lower than those of paraffin. This is the result of two combined actions. On the one hand, the mobility of paraffin molecular chains is restricted by the OMMT layers, and the phase change temperature has increased. On the other hand, the thermal conductivity of the PCM is greater than that of paraffin. Therefore, the heat transfer of the OMMT/paraffin/grafted MWNT PCM during phase change process is faster than that of paraffin.

[Fig. 5](#f0025){ref-type="fig"}(d) is the DSC curve of OMMT/paraffin/grafted MWNT PCM after 100 thermal cycles between 60 °C and 10 °C. The latent heat of the composite PCM is 47.1 J/g after 100 thermal cycles, 1.26% less than before cycling, indicating thermal stability. The slight decrease in latent heat after thermal cycling is attributed to slight degradation of the bonding between paraffin and the MMT layers resulting from cyclic thermal stress.

3.4. Thermal conductivity {#s0060}
-------------------------

[Fig. 6](#f0030){ref-type="fig"} shows the thermal conductivity of the PCMs. The thermal conductivity of Paraffin, OMMT/paraffin, and OMMT/paraffin/grafted MWNT PCM was measured at 20 °C for three times. The average value of the three data is taken as the final value of the thermal conductivity. The precision of the Hot Disk is ±3%. The thermal conductivity of the OMMT/paraffin binary composites is 0.225 W/m·K, an increase of 29% compared to paraffin. The increase is attributed to the greater thermal conductivity of OMMT relative to paraffin.Fig. 6Thermal conductivity of OMMT/PCM and OMMT/PCM/MWNT.

The thermal conductivity of the OMMT/paraffin/grafted MWNT PCM is 0.301 W/m·K, 34% greater than that of OMMT//Paraffin. The increase stems mainly from the conductivity of MWNT. The thermal conductivity of the grafted MWNT is about 3000 W/m·K ([@b0065]). Moreover, the grafted MWNT is uniformly dispersed in the OMMT and paraffin ([Fig. 4](#f0020){ref-type="fig"}(g--h)), boosting the conductivity of the composite PCM. The thermal conductivity of the OMMT/paraffin/grafted MWNT is higher than other composite PCMs, which is shown in [Table 2](#t0010){ref-type="table"}.

3.5. Heat storage and heat release properties {#s0065}
---------------------------------------------

The schematic diagram of experimental installation is shown in [Fig. 7](#f0035){ref-type="fig"}. 20 g of OMMT/PCM/MWNT in a test tube was put in the water basin. Firstly, the water basin was heated from 5 °C to 50 °C. Then, the water basin was cooled from 50 °C to 5 °C. The temperature was recorded by a multi-channel temperature recorder and the heat storage and heat release curves were obtained.Fig. 7Schematic diagram of storage/release heat properties test.

[Fig. 8](#f0040){ref-type="fig"} shows the heat storage and heat release curves of the OMMT/PCM and OMMT/PCM/MWNT. For both OMMT/paraffin and OMMT/paraffin/grafted MWNT PCMs, an endothermic plateau appears at 20--28 °C and an exothermic platform appears at 25--28 °C, indicating that the materials exhibit the capacity to store and release heat.Fig. 8The heat storage and heat release curves of OMMT/PCM and OMMT/PCM/MWNT.

Increasing the temperature from 20 to 30 °C requires 12 min and 14.3 min for OMMT/paraffin/grafted MWNT and OMMT/paraffin, respectively, indicating a greater heat storage rate for OMMT/paraffin/grafted MWNT relative to OMMT/paraffin. Moreover, [Fig. 8](#f0040){ref-type="fig"} shows that OMMT/paraffin/grafted MWNT exhibits a greater rate of heat release than OMMT/paraffin when the temperature drops from 30 to 20 °C. This behavior stems from two reasons: OMMT/paraffin/grafted MWNT has a lower heat latent than OMMT/paraffin, and the thermal conductivity of OMMT/paraffin/grafted MWNT is greater than that of OMMT/paraffin.

4. Conclusions {#s0070}
==============

A ternary OMMT/PCM/MWNT composite PCM was synthesized using ultrasonic dispersion and liquid intercalation. The crystal structure, morphology and thermal properties of the OMMT/PCM/MWNT composite PCM were characterized, leading to the following conclusions:(1)The interlayer spacing of OMMT/paraffin/grafted MWNT is greater than that of OMMT, indicating that paraffin intercalated into the OMMT. The grafted MWNT is well dispersed in the interlayer of OMMT, and paraffin is intercalated into the interlayer of OMMT and absorbed at OMMT edges.(2)The latent heat of the OMMT/paraffin/grafted MWNT is 47.7 J/g, and the latent heat is reduced only slightly after 100 thermal cycles, reflecting the thermal stability of the composite PCM.(3)The thermal conductivity of the OMMT/paraffin/grafted MWNT PCM increased 34% relative to the OMMT/paraffin, and the composite PCM exhibited a greater heat storage rate than the OMMT/paraffin.

The authors gratefully acknowledge support from the Gill Composites Center at USC. The authors gratefully acknowledge the financial support for this research from the Fundamental Research Funds for the Central Universities (2242016K41003) and the National Natural Science Foundation of China (51178102).
